Simultaneous monitoring of tissue O 2 and regional cerebral blood flow (rCBF) was performed in the striatum of freely-moving rats. Differential pulse amperometry and constant potential amperometry were used to monitor O 2 levels at a carbon paste electrode (CPE), while rCBF values were obtained using the H 2 clearance technique. Two forms of behavioural activation were studied and the resultant changes in tissue O 2 and blood flow compared. Both tail pinch and induced grooming produced immediate and parallel increases in O 2 and blood flow which returned to baseline on cessation of activity. These findings indicate that under conditions of physiological stimulation the direct voltammetric measurement of O 2 in brain tissue with a CPE can be used as a reliable index of increases in rCBF, resulting in an improvement in time resolution from 5 min (H 2 clearance) to B1 s (amperometry). Because tissue O 2 is a balance between supply by the blood stream and utilisation by the cells, increases in O 2 current are an index of increased blood flow only when supply significantly exceeds utilisation. © 1997 Elsevier Science B.V.
Introduction
Local blood flow is most commonly measured using the hydrogen (H 2 ) clearance technique, a method first introduced 30 years ago (Aukland et al., 1964; Aukland, 1965) . H 2 gas is administered by inhalation, and once administration has stopped, its rate of clearance, which is proportional to local blood flow, is monitored amperometrically at a Pt microelectrode. The technique is simple and inexpensive to implement and allows multiple in situ recording from any tissue in which a small electrode can be implanted. A comprehensive review of the technique has been published by Young (1980) where possible sources of error have been examined.
A number of groups have used the technique to monitor regional cerebral blood flow (rCBF) (Fieschi, 1966; Gotoh et al., 1966; Haining et al., 1968) . Due to difficulties associated with the administration of the H 2 tracer, the technique has been limited to rCBF measurements in anaesthetised animals. Attempts to adapt the technique for use in awake animals have involved confining the animals in a vented chamber through which a H 2 -air mixture is passed at high volume flow rate (Endo et al., 1990; Bray et al., 1991) . This, however, gives poor time resolution and is potentially stressful. More recently, a novel H 2 delivery system that directs a slow stream of pure H 2 at an animals snout for 10-20 s has been developed in this laboratory (Fellows and Boutelle, 1993) ; this allows rCBF measurements to be made at 5-min intervals in the undisturbed, freely moving animal.
An alternative to measuring clearance from the tissue is to measure changes in the concentration of a substance delivered to the tissue by the blood stream. The most important substrate for energy metabolism delivered by the blood stream is O 2 . However, tissue concentration is determined by the balance between supply and utilisation. The use of a number of techniques has shown that during neuronal activation there is a rise in local O 2 concentration because of a greater increase in rCBF than O 2 utilisation (Leniger-Follert and Lü bbers, 1976; Fox et al., 1988; Zimmerman et al., 1992) . We have previously reported the development of a voltammetric technique with subsecond time resolution for the direct measurement of tissue O 2 at a carbon paste electrode (Lowry et al., 1996) . In the present study we have compared the in vivo measurement of H 2 clearance at a platinum electrode with the measurement of changes in tissue O 2 at a carbon paste electrode in the striatum of freely moving rats during behavioural activation. The results suggest that under such conditions the direct measurement of O 2 increases can be used as a reliable index of increases in rCBF.
Methodology

Working electrode preparation
The H 2 detection electrode was made from 2T (50-vm bare diameter, 75-vm coated diameter) tefloncoated platinum/iridium (Pt/Ir 90%/10%) wire (Advent Research Materials, Suffolk, UK). A section of the teflon was carefully cut from the end of the wire to produce a 4-mm active length of bare wire. To facilitate implantation, the wire was glued into a 20-mm length of plastic-coated silica tubing (O.D. 0.17 mm; Scientific Glass Engineering, Milton Keynes, UK) and a 14-mm section of stainless steel cannula (O.D. 0.5 mm; Goodfellow, Cambridge, UK). Only the bare Pt wire and 2 mm of the silica tubing penetrated the brain (Fellows and Boutelle, 1993) .
Carbon paste electrodes (CPEs) were made from 5T (125-vm bare diameter, 160-vm coated diameter) teflon-coated silver wire (Advent Research Materials, Suffolk, UK). The teflon insulation was slid along the wire to create an approximately 2-mm deep cavity which was packed with carbon paste using a bare silver wire as plunger. Carbon paste was prepared by thoroughly mixing 2.83 g of carbon powder (UCP-1-M, Ultra Carbon Corp., Bay City, MI, USA) and 1.0 ml of silicone oil (Aldrich, Catalogue No. 17, (O'Neill et al., 1982) . All electrodes were soldered to gold connectors, which were cemented into a six-pin plastic socket (both from Plastics One, Roanoke, VA, USA).
Voltammetric techniques
Changes in O 2 at implanted CPEs were monitored using differential pulse amperometry (DPA). This involves the application of two equally sized potential pulses, the first from a resting potential at − 150 mV to − 350 mV that corresponds to the foot of the reduction wave for O 2 at CPEs, and the second from −350 mV to − 550 mV that corresponds to the peak of the reduction wave. The difference in the current (DI) sampled during these pulse pairs was calculated and changes in DI used as a measure of interference free changes in O 2 (Lowry et al., 1996) .
Constant potential amperometry (CPA), where the detecting electrode is held at a constant potential sufficient to detect the oxidation or reduction of the target substance, was used for H 2 oxidation with the Pt/Ir electrode being held at + 250 mV. At this potential, detection of H 2 is mass transport-limited and is not compromised by detection of other oxidisable species present in the brain (Fellows and Boutelle, 1993 ). CPA was also tested for the detection of O 2 by holding the CPE at the peak potential for O 2 reduction (−550 mV).
All potentials were applied with respect to a silver wire (200-vm bare diameter; Advent Research Materials, Suffolk, UK) reference electrode implanted in the cortex. The reference potential provided by the silver wire in brain tissue is very similar to that of the saturated calomel electrode (SCE) (O'Neill, 1993) . Auxiliary and earth electrodes were also of 200 vm silver wire.
Surgical procedures
Male Sprague-Dawley rats (200-300 g) were anaesthetised with a combination of fentanyl/fluanisone (0.25/0.8 mg/kg i.p.) and midazolam (0.4 mg/kg i.p.) and placed in a stereotaxic frame. Body temperature was maintained at 37°C with a heating pad (Braintree Scientific, Braintree, MA, USA). The CPE was implanted in the left striatum (coordinates with the skull levelled between bregma and lambda were: A/P +1.0 from bregma, M/L − 2.5, and D/V − 5.0 from dura). The Pt/Ir electrode was implanted in the right striatum (coordinates with the skull levelled between bregma and lambda were: A/P + 1.0 from bregma, M/L + 2.5, and D/V −8.5 from dura). The reference electrode was placed in the cortex, the auxiliary electrode placed between the skull and dura, and an earth wire attached to one of the support screws. The electrodes were fixed to the skull with screws (Oxford Seals and Bearings, Oxford, UK) and dental acrylate (Associated Dental Products Ltd, Swindon, UK).
Post-operative analgesia was provided in the form of a single injection of buprenorphine (0.1 mg/kg s.c.)
given immediately following the surgery. The rats were housed in large plastic bowls (Johnson's Garden Centre, Oxford), with free access to food and water. Animals were given 24 h to recover after surgery. Experiments were carried out with the animal in its home bowl. The health of the animals was assessed according to published guidelines (Morton and Griffiths, 1985; Wolfensohn and Lloyd, 1994) and all procedures were specifically licensed under the Animals (Scientific Procedures) Act, 1986.
Instrumentation and software
A specially designed low-noise potentiostat (Biostat II, Electrochemical and Medical Systems Ltd, Newbury, UK) was used in all experiments. For CPA experiments data acquisition was carried out through an NB-MIO-16X multifunction data acquisition board (National Instruments (NI) Corp., Austin, TX, USA) in a Macintosh IIx computer and was controlled using in house written LabVIEW (NI, version 2.2.1) software. Current values were sampled every 2 ms and averaged by the computer at 0.5-s intervals.
For DPA experiments data acquisition was performed on a Mitac 486 PC through an AT-MIO-16 data acquisition board. In house software was written in the LabWindows (NI, version 2.1) QuickBASIC environment. Data sampling was performed at a rate of 250 points/pulse/100 ms and averaged to give 1 point/ pulse/s (Lowry et al., 1996) . A complete pulse sequence was performed every 2 s.
All analysis was performed using both in house developed software and the commercial package Igor Pro 2.0 (WaveMetrics Inc., USA). Statistics were performed using the Student's t-test (StatView, Abacus Concepts, Inc., CA, USA) for paired observations. Two-tailed levels of significance were used and P B0.05 was considered to be significant. Values are presented as mean9 S.E.M.
Experimental conditions
At least 90 min prior to the start of each blood flow experiment, the rat was placed in a fume cupboard, in its home bowl. The electrodes were connected to the potentiostat through a flexible cable and swivel (Plastics One, Roanoke, VA, USA) which allowed the animal free movement. Once the background current for the Pt/Ir electrode had stabilised (typically 30 min) and the rat had become accustomed to the new conditions, blood flow measurements were made (5-min intervals). The O 2 signal from the CPE stabilised within 5 min for both CPA and DPA techniques and was recorded continuously (2-s intervals).
Post in vivo calibrations of CPEs were performed immediately after the death of the animals. The electrodes were placed in a standard three-electrode glass electrochemical cell containing 30 ml phosphate buffered saline (PBS), pH 7.4; NaCl (Merck, BP USP grade, 0.15 mol/l), NaH 2 PO 4 (BDH, AnalaR grade, 0.04 mol/l) and NaOH (BDH, GPR grade, 0.04 mol/l). A saturated calomel electrode (SCE) was used as the reference electrode, and a large silver wire, isolated in a compartment containing PBS, served as the auxiliary electrode. The current was recorded in PBS saturated with either N 2 (British Oxygen Co. (BOC), Guildford, UK), air (RENA 102 air pump, Tesco's Garden Centre, Abingdon, UK) or O 2 (BOC), where the concentration of solution O 2 has been reported as 0, 200 (Bourdillon et al., 1982; Zhang and Wilson, 1993) and 1260 vmol/l (Bourdillon et al., 1982) , respectively.
Hydrogen deli6ery and detection
The methods of H 2 administration and analysis were those developed in this laboratory and described in detail in a previous publication (Fellows and Boutelle, 1993) . Unlike the previously used method of gas administration, which involved passing lightweight polyethyletherketone (PEEK) HPLC tubing (I.D. 1.6 mm, O.D. 3.2 mm; Anachem, Luton, UK) through channels in the dental acrylate made during the surgery, and bending them in such a way as to position two 0.4-mm holes about 5 mm beneath the rat's nostrils, the gas was administered to the animals by simply holding the PEEK tubing under the animal's snout at a similar distance for 10-20 s. This procedure was as effective as the previous method and was tolerated extremely well by the rats which exhibited normal behaviour while it was taking place. The PEEK tubing was connected through a flashback arrestor and a pressure regulator to a H 2 cylinder (zero grade, BOC), with the gas flow controlled external to the rat's bowl. The gas was administered at approximately 5-min intervals and at a flow rate of 150 ml/min.
Blood flow measurements were also performed in a similar manner to that described previously by Fellows and Boutelle (1993) . Briefly, for each blood flow measurement, the LabVIEW program was started and the baseline recorded for 5 s. H 2 was then administered until the current had increased by 30-80 nA. The decay curve was collected for a 3-min period. The first 30-60 s of the curve was neglected and the remaining 120-240 s were transferred to the analysis program. Here a first-order analysis plot of ln[i(t)− i(baseline)] versus time t was performed. If a linear plot was obtained, the slope was converted to blood flow (assuming a tissue partition coefficient of unity) according to the following formula:
When the semilog plot showed a clear break in the slope, the decay curves before and after the break point were analysed separately.
Physiological stimulation
Two forms of physiological stimulation were used; these were tail pinch and induced grooming. In the first, a paper clip was attached ca. 3 cm from the tip of the rat's tail for 5 min; this produces a well characterised behaviour pattern which consists of gnawing, licking, eating and a general increase in the level of motor activity (Antelman et al., 1975) . In the second, water was dripped from a plastic dropper onto the rat's snout until the animal engaged in a period (usually between 5 to 10 min) of active grooming.
Results and discussion
For the comparison of simultaneous changes in tissue O 2 and blood flow in response to neuronal activation, rats were implanted with a CPE in the left striatum and a Pt/Ir electrode in the right striatum. The techniques used for monitoring these changes were differential pulse amperometry (DPA), originally developed for the simultaneous measurement of changes in O 2 and ascorbic acid in vivo (Lowry et al., 1996) , and H 2 clearance.
The application of a 5-min tail pinch resulted in an immediate and rapid increase in the O 2 current signal (DI) recorded at the CPE by 10.8 9 1.9 nA from a mean baseline of −200 924 nA (P B 0.001, eight tail pinches in two rats). On removal of the stimulus the current immediately began to fall and returned to baseline within ca. 10 min. The rCBF, calculated from the H 2 clearance at the Pt/Ir electrode, also showed an immediate increase from a basal value of 8998 ml (100 g) − 1 min − 1 to a maximum of 158913 ml (100 g)
min − 1 (PB0.001), and returned to prestimulus levels ca. 16 min after the end of the stimulus. These basal and stimulated flow values are in good agreement with previous estimations made in awake animals: Basal, 93 ml (100 g) − 1 min − 1 (Fellows and Boutelle, 1993) and 105 ml (100 g) − 1 min − 1 (Ohata et al., 1981) ; Stimulated 160 ml (100 g) − 1 min − 1 (Fellows and Boutelle, 1993) . A typical example of the effect of a 5-min tail pinch on both O 2 and blood flow is shown in Fig. 1A and B, respectively.
As observed with tail pinch, stimulated grooming resulted in an immediate increase in striatal O 2 levels by 6.29 1.1 nA from a mean baseline of −160 9 10 nA (PB 0.001, eight measurements in two rats). The signal rapidly returned to baseline (typically within 5 min) when the animal stopped grooming. Values for rCBF rose from a mean basal level of 81 9 7 ml (100 g)
min − 1 to a maximum of 112 9 10 ml (100 g) − 1 min − 1 (PB0.001). On cessation of activity values also returned to basal levels. Fig. 1C and D illustrate the effect of a typical period of grooming on striatal O 2 and blood flow. Unlike tail pinch, where the period of stimulation is controlled by the application and removal of the paper clip from the rat's tail, induced grooming is more independent of the stimulus in that the behaviour is often characterised by periods of active grooming with intermittent rest periods. This is clearly illustrated in Fig. 1C and D by the biphasic increase in both the O 2 signal and rCBF values which correspond to two periods of grooming separated by a period of inactivity. The spontaneous baseline fluctuations of the O 2 current, also observed by others, (Clark and Lyons, 1958) were found to disappear during anaesthesia and after the death of the animal; this suggests that they reflect rapid changes in O 2 associated with the awake, freely moving animal, and are not artifactual or due to electronic noise. A correlation analysis of the changes in O 2 currents and rCBF measurements resulting from both tail pinch and grooming is shown in Fig. 2 . The correlation coefficient is 0.77 (PB 0.0001). The mean percentage increase in rCBF in response to tail pinch was 83 9 13%, similar to the value of 98916% previously reported for tail pinch by Fellows and Boutelle (1993) . The maximum percentage increase during induced grooming was 37 9 4%. Whereas absolute rCBF can be calculated from the H 2 clearance values, the DPA reduction current at the CPE includes a large background signal typical of implanted CPEs. This is due to increased surface wetability resulting from removal of the insulating silicone oil by lipids, which constitute ap- Fig. 3 . The response characteristics were similar to those obtained with DPA; on application of the tail pinch there was an immediate and rapid increase in the O 2 current which returned to baseline on removal of the stimulus. This indicates that increases in O 2 monitored with CPA at a CPE may also be used as an index of increased blood flow under conditions of physiological stimulation.
Carbon electrodes have the advantage that they are less prone to surface poisoning and as such do not require the use of protecting membranes which are a characteristic of metal-based O 2 electrodes including the most commonly used Clark electrode. Carbon electrodes are also more stable and in the case of CPEs have been found to be stable over several months in vivo (O'Neill and Fillenz, 1985) . Recently, a new method for the measurement of dissolved O 2 in vivo involving Nafion™ modified carbon fibre disk electrodes (CFEs) and fast cyclic voltammetry has been reported by Wightman's group (Zimmerman and Wightman, 1991; Zimmerman et al., 1992) . As a fastscan technique this method also has advantages associated with subsecond time resolution. However, because of the small dimensions of CFEs (typically 10 vm) the concentration of O 2 observed varies depending on the orientation of the electrode relative to the blood vessels and metabolically active sites. Since the dimension (125-vm active internal diameter) of the CPEs used in this study is greater than the scale of a capillary zone (B100 vm) (Silver, 1965) , an average tissue O 2 level should be detected, thus offering a practical advantage over the use of CFEs for O 2 measurements.
proximately 40% of the dry mass of brain tissue (Ormonde and O'Neill, 1990; Lowry et al., 1996) . However, using post in vivo calibrations (see Experimental conditions Section 2.5) the increases in O 2 for tail pinch and grooming were converted to concentrations: 449 8 vmol/l (tail pinch) and 2594 vmol/l (grooming). The O 2 concentration in the extracellular fluid (ECF) is a dynamic balance between supply of O 2 via blood flow in capillaries and O 2 consumption associated with metabolism in cells. The range measured with implanted microelecrodes is from 5 to 50 vmol/l (Feng et al., 1988; Zimmerman and Wightman, 1991) . Assuming a maximum ECF concentration of 50 vmol/l, the above concentrations represent mean percentage increases of 889 15% and 5099% for tail pinch and grooming, respectively. Although O 2 utilisation increases during stimulated neuronal activity, the present results confirm previous findings that the rise in rCBF exceeds the increase in O 2 utilisation resulting in a net increase in O 2 (Leniger-Follert and Lü bbers, 1976; Fox et al., 1988; Zimmerman et al., 1992) . For this reason O 2 currents provide an index of increases in rCBF only when such increases exceed O 2 utilisation.
The measurement of dissolved O 2 levels is generally obtained amperometrically using CPA at a noble metal microelectrode where the measured current is taken to be proportional to the dissolved O 2 (Hitchman, 1978) . The use of carbon-based electrodes as cathodes for O 2 reduction instead of the more commonly used Pt has recently been reported by several groups (Paliteiro et al., 1987; Zimmerman and Wightman, 1991; Lowry et al., 1996) . An example of the response of a CPE held at − 550 mV, the peak potential for O 2 reduction at CPEs (Lowry et al., 1996) , to a 5-min tail pinch is shown in Fig. 3 . An example of the effect of a 5-min tail pinch (dark bar) on striatal O 2 levels recorded using constant potential amperometry at a carbon paste electrode. The signal shown is the absolute current for O 2 reduction.
Conclusions
Tail pinch and induced grooming resulted in simultaneous increases in striatal O 2 and rCBF recorded with bilaterally implanted carbon paste and Pt/Ir (H 2 clearance) electrodes respectively. The detection of changes in O 2 concentration at implanted CPEs was examined using two different voltammetric techniques: differential pulse amperometry and constant potential amperometry. Both techniques were found to respond to increases in O 2 concentration associated with neuronal activation. These results suggest that under conditions of physiological stimulation, when supply of O 2 from the blood stream shows a substantial increase over utilisation, the simple direct voltammetric measurement of O 2 in brain tissue with a CPE can be used as a reliable index of increases in rCBF, resulting in an improvement in time resolution from 5 min (H 2 clearance) to B 1 s (amperometry).
